Both obesity and aging are associated with dysregulated immune and inflammatory responses. There is limited knowledge, however, on differences in the immune system between young and older adults with obesity. The goal of this study was to compare circulating inflammatory cytokines and T cell-mediated immune response between young and older women with obesity. Twenty-three young (23-43 years) and 21 older (60-83 years) women with obesity were recruited at the Weight and Wellness Center at Tufts Medical Center. Circulating inflammatory cytokines (CRP, IL-6, and IL-1β) and ex vivo indicators of T cell-mediated immune function were compared between the groups. Older women with obesity had significantly fewer circulating CD3+, CD8+, CD19+, and natural killer T (NKT) cells compared to young women with obesity (p = 0.016, p < 0.0001, p = 0.0003, and p < 0.0001, respectively). However, with few exceptions, there was no significant difference in inflammation markers or stimulated lymphocyte proliferation and cytokine production by peripheral blood mononuclear cells between young and older participants. These findings are in contrast to those previously reported in young and old subjects with healthy weight and call for further investigation into the impact of obesity on premature aging of the immune system.
Introduction
The obesity epidemic is affecting older populations at an increasing rate. According to a report from NHANES (2007) (2008) , 69% of people older than 60 years have overweight or obesity (body mass index, BMI ≥ 25 kg/m 2 ) [1] . In addition to a higher BMI, sarcopenia, or loss of lean body mass together with a gain in fat mass, frequently occurs with aging. Certain impairments seen in obese populations are comparable to those observed in the elderly, such as leptin resistance, chronic inflammation, and immune response deficiencies [2, 3] .
Several studies have shown that, compared to individuals with healthy weight, adults with obesity have a blunted lymphocyte response to mitogenic or antigenic stimulation, lower naïve lymphocyte output, a skewed T cell phenotype towards T helper 1 (Th1) cells, and impaired macrophage and natural killer (NK) cell function [4] [5] [6] [7] . Numbers of certain types of lymphocytes, namely CD3+ cells, CD4+ and CD8+ T cell subsets, and B cells are depleted in individuals with obesity with respect to those with a healthy weight [8, 9] . In both mice and humans, there is evidence that obesity induces premature thymic involution and decreased thymic output, a phenomenon similar to that seen in aging [10] .
These deficiencies are thought to contribute to a higher risk of infections and chronic disease [7, 11] . In fact, several of the impairments that occur with obesity resemble the immunodeficiency observed with aging, termed immunosenescence. With older age, the adaptive immune response becomes impaired, as seen by decreased antigen-induced lymphocyte proliferation, diminished number of naïve lymphocytes, a decline in function of CD4+ Th cells and CD8+ cytotoxic effector T cells, and dysregulation of cytokine production by CD4+ and CD8+ T cell subpopulations, all concomitant with thymic involution [12] [13] [14] . Innate immunity, including macrophage and neutrophil function, and NK cell cytotoxicity, is also impaired with aging [15] . This weakening of immune cell function with aging translates into higher risk of infections, reduced effectiveness in responding to newly encountered pathogens, and decreased response to vaccines, together with higher risk for chronic inflammatory conditions including autoimmune disease [15, 16] . Furthermore, a low-grade, chronic inflammation develops with aging and obesity, as indicated by higher circulating concentrations of C-reactive protein (CRP) and interleukin 6 (IL-6) [6, 14] .
Despite these facts, there is limited evidence available on the impact of obesity on immune response in elderly populations. While there is evidence of premature immunosenescence in obese adult mice [17] , a direct comparison between young and older adults with obesity has not been conducted, thus it is not known whether obesity induces further dysregulation of immune and inflammatory responses in older adults.
In this pilot study, we compared in vivo markers of systemic inflammation and ex vivo parameters of T cell-mediated immunity between young (18-45 years) and older (>60 years) women with obesity. We selected immune response parameters and inflammatory cytokines previously reported to be impacted by aging, including peripheral blood mononuclear cell (PBMC) subpopulations, lymphocyte proliferation, cytokine production by ex vivo stimulated PBMCs, and pro-inflammatory cytokine profiles in serum.
Materials and Methods

Study Population and Sample Collection
This was a cross-sectional analysis in young (18-45 years) and older (>60 years) (BMI ≥ 30 kg/m 2 ) women with obesity conducted at the Jean Mayer USDA Human Nutrition Research Center on Aging (HNRCA) at Tufts University in collaboration with the Weight and Wellness Center (WWC) at Tufts Medical Center. There were 23 participants in the YG and 21 in the OG. Study participants were recruited at the WWC, a medical and surgical weight loss clinic, prior to weight loss treatment. Exclusion criteria included pregnancy, or giving birth within six months prior to recruitment, reported weight loss of more than 3% within three months before recruitment, history of eating disorders, renal or hepatic disease, gastrointestinal disorders, prior gastric restrictive surgery, hematological malignancies, cancer, chronic infections, or autoimmune disease. This study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the Tufts Medical Center/Tufts University Institutional Review Board. Written informed consent was obtained from all subjects. This study has been registered in ClinicalTrials.gov (NCT01636635).
Anthropometric Measures and Clinical Parameters
Measures included height, weight, BMI, and waist circumference (WC). For WC, the average of three consecutive measurements was taken at the level of the iliac crest region. After an overnight fast, 30-mL of venous blood were collected into EDTA and serum separation tubes. Participants reported having no infections or illness, and not taking antibiotics or receiving vaccinations in the two weeks prior to blood collection. Further, participants reported not taking non-steroidal anti-inflammatory drugs or anti-histamine medications for 72 h prior to blood sample collection.
A full chemistry profile and complete blood count were measured for each participant. Serum CRP was measured with the high sensitivity IMMULITE-100 immunoassay (Siemens Healthcare Diagnostics, Los Angeles, CA, USA). Leptin, adiponectin, IL-6, and IL-1β were measured using multi-spot electrochemiluminescence assays (Meso Scale Discovery, Gaithersbug, MD, USA).
PBMC Isolation
All cell preparation and culture work were conducted under sterile conditions. Blood was collected into EDTA tubes and PBMC were isolated with gradient centrifugation using a Histopaque matrix (Sigma-Aldrich, St. Louis, MO, USA). RPMI 1640 media supplemented with HEPES (25 mmol/L), glutamine (2 mmol/L), and 100 kU/L penicillin/100 mg/L streptomycin (Gibco) was used for PBMC isolation, and 1× PBS was used in washing steps. After the last wash, PBMC were suspended at a density of 20 million cells/mL. Cells from this suspension were used for all assays. Flow cytometry analysis was conducted in fresh PBMC (25,000 cells per sample). All cell cultures were incubated at 37 • C, 5% CO 2 , and 95% humidity in media supplemented with 5% heat-inactivated fetal bovine serum (FBS) or autologous human serum (HS), as specified.
PBMC Subpopulations
Percentages of PBMC subpopulations were determined using flow cytometry with BD Biosciences reagents and protocols (BD Biosciences, San Jose, CA, USA). Antibodies against the following surface markers were used: CD3, CD4, CD8, CD19, NKG2D, and CD14 (eBioscience, San Diego, CA, USA). NKT (natural killer T) cells were identified as co-expressing NKG2D and CD3. Fixed cells were analyzed with an Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA) and FlowJo Software version 10 (Tree Star, Inc., Ashland, OR, USA). Isotype controls for each antibody class and fluorochrome were used as negative controls. The numbers of PBMC subpopulations (number of cells/µL blood) were calculated as follows: Total number of PBMC was determined from the %PBMC (%lymphocytes + %monocytes) of white blood cells from CBC analysis. Then, the number of each subpopulation was determined from the %subpopulation of PBMC (as measured by flow cytometry).
Lymphocyte Proliferation
Lymphocyte proliferation was assessed by [3H]-thymidine incorporation in cells that were treated with antibodies against CD3 (T cell receptor) and CD28 (T cell co-receptor) (anti-CD3/CD28, eBioscience) or T cell mitogen phytohemagglutinin (PHA) (Difco Laboratories), and cultured in 5% FBS or 5% HS. For anti-CD3/CD28 stimulation, 96-well round bottom cell culture plates were coated with serially diluted anti-CD3 in 1× PBS (1 µg/mL, 5 µg/mL, or 10 µg/mL), incubated for 2 h, and washed twice with sterile 1X PBS. Cells in 5% FBS or 5% HS at a density of 1 × 10 5 cells/well, and anti-CD28 (2 µg/mL) were added to the coated wells. PHA (2 µg/mL, 5 µg/mL, or 25 µg/mL) was used for mitogenic stimulation. All samples were cultured in triplicate, and unstimulated controls were included for all subjects and cell culture conditions. After stimulation for 68 h, cells were pulsed with 0.5 µCi [3H]-thymidine/well (Perkin Elmer, Waltham, MA, USA) and cultured for additional 4 h. Plates were then frozen at −80 • C for later analysis. Thawed plates were trypsinized for 1 h and harvested onto glass fiber mats using a cell harvester (Perkin Elmer, Waltham, MA, USA). Incorporation of [3H]-thymidine was determined by liquid scintillation counting using a Micro Beta 2 MicroPlate counter (Perkin Elmer, Waltham, MA, USA). Results, expressed as counts per minute (CPM), were used as a quantitative measurement of lymphocyte proliferation.
Cytokine Production by Stimulated PBMC
PBMC were cultured in 5% FBS or HS at a density of 1 × 10 6 cells/well in 24-well plates, and stimulated with anti-CD3/CD28 (5 µg/mL/2 µg/mL), PHA (10 µg/mL), or lipopolysaccharide (LPS) (10 ng/mL). Unstimulated controls were included for all culture conditions. After 72 h (anti-CD3/CD28 and PHA) or 24 h (LPS) of incubation, supernatant was harvested by centrifugation at 4 • C and stored at −80 • C for later analysis. IL-6, IL-1β, TNF-α, and IFN-γ were measured using multi-spot electrochemiluminescence assays (Meso Scale Discovery, Rockville, MD, USA). IL-2 was measured using an ELISA Kit (eBioscience, San Diego, CA, USA). Cytokines were undetectable in unstimulated samples and therefore not presented in the results.
Statistical Analysis
Number of participants per group was determined based on the study by Ahmed et al. [18] , where weight loss through calorie restriction in adults resulted in a 63% increase in cell proliferation after stimulation with PHA. Thus, 22 subjects per group would lead to >80% power to detect a significant difference in cell proliferation at the 0.05 level. Variables with a skewed distribution are reported as median (Q1-Q3), and those with a normal distribution as mean ± SD. Wilcoxon rank sum test was used for all comparisons between the YG and the OG. Spearman, or partial Spearman, correlation analysis was used to determine the association between immune parameters and age or BMI. Sample size for each analysis is indicated in tables and figures. Statistical significance was set at alpha = 0.05. SAS 9.4 for Windows (SAS Institute, Cary, NC, USA) was used for all statistical analyses.
Results
Differences in Anthropometry and Inflammatory Cytokines between Young and Older Women with Obesity
The average age was 36 ± 6 years for the young group (YG, 23-43 years, N = 23) and 68 ± 8 years for the older group (OG, 60-83 years, N = 21) (Table 1 ). Both groups had obesity, and, although BMI (p = 0.004) and WC (p = 0.04) were significantly higher in the YG, there was substantial overlap in these measures between the groups. There were significantly higher numbers of white blood cells (p = 0.008) and platelets (p = 0.002) in the YG, while adiponectin was higher in the OG (p < 0.001, Table 1 ). Analysis of inflammatory cytokines in serum showed that IL-1β was significantly higher in the OG (p = 0.02). However, contrary to previous reports in healthy non-obese older adults compared to young adults [19, 20] , there was no significant difference in serum CRP or IL-6 concentration between YG and OG. 
Comparisons in PBMC Subpopulations between Young and Older Women with Obesity within PBMC Subpopulations
There was a significantly higher percentage and density (expressed in number of cells/µL blood) of CD8+ (p = 0.002 for percentage and p < 0.0001 for number) and natural killer T (NKT) cells (p < 0.0001 for percentage and p < 0.0001 for number) in YG (Table 2) , two cell types involved in the adaptive and innate cytotoxic responses, respectively. In YG, there was also a significantly larger percentage (p = 0.007) and number (p = 0.0003) of B cells, quantified as CD19+ cells, and a larger number of total T cells (p = 0.016), quantified as CD3+ cells. When considering percentages of PBMC subpopulations and adjusting for BMI, Spearman partial correlation analysis showed a significant association between age and CD8+ cells (r = −0.48, p = 0.001), NKT cells (r = −0.61, p < 0.0001), and CD19+ cells (r = −0.34, p = 0.03). Similarly, when considering density of PBMC subpopulations and adjusting for BMI, there was a significant partial Spearman correlation between age and CD3+ cells (r = −0.31, p = 0.05), CD8+ cells (r = −0.56, p = 0.0001), NKT cells (r = −0.68, p < 0.0001), and CD19+ cells (r = −0.45, p = 0.003). The OG had significantly more %CD4+ T cells than the YG (p = 0.02), but, when considering the number of CD4+ T cells per µL of blood, there was no difference between YG and OG. Other cell types in PBMC, namely NK cells (NKG2D+), or monocytes (CD14+, used as a marker of monocytes in humans), were not different between age groups. 
Lymphocyte Proliferation in Young and Older Women with Obesity
Lymphocyte proliferation was measured in culture containing 5% FBS or HS in response to PHA or CD3/CD28 stimulation. Contrary to what has been previously observed in young and older subjects with healthy weight [4, 5] , there was no age-related difference in proliferation of lymphocytes cultured in FBS under any stimulation condition tested (Figure 1a,b) . However, higher lymphocyte proliferation was found in the YG when PBMC were cultured in medium containing HS and stimulated with PHA (at 2 µg/mL and 5 µg/mL) (Figure 1c ). Partial Spearman correlation analysis adjusting for BMI showed no association between PBMC proliferation and age for the FBS culture conditions (data not shown). For PBMC cultured in HS, there was a significant inverse association between age and PBMC proliferation stimulated by PHA at 2 µg/mL (r = −0.51, p = 0.005) and at 5 µg/mL (r = −0.49, p = 0.006). These findings show an attenuation in differences in lymphocyte proliferation between young and older subjects with obesity, compared to marked differences observed in previous reports between young and older populations with healthy weight [4, 5, 16 ].
Cytokine Production in Stimulated PBMC
There were no differences in cytokine production by PBMC stimulated with PHA or anti-CD3/CD28 for 72 h, or with LPS for 24 h. The cytokines measured were IL-2, IFN-γ, and TNF-α in the 72-h cultures and IL-1β, IL-6, and TNF-α in the 24-h cultures ( Table 3 ). There were two exceptions in these observations: IL-6 production was higher in OG upon PBMC stimulation with LPS in 5% FBS (p = 0.02), and IFN-γ production was higher in YG upon stimulation with anti-CD3/CD28 in 5% HS (p = 0.03). Similarly to the lymphocyte proliferation results, the differences observed in cytokine secretion between young and older subjects with obesity are attenuated compared to what has been previously observed in healthy weight populations. 
Discussion
To our knowledge, this is the first study comparing immune and inflammatory responses between young and older women with obesity. The results show substantial similarities in markers for inflammatory status and T cell-mediated function between young and older subjects, in contrast to previous studies in women with a healthy weight status that have reported significant differences between age groups [5] . These results suggest that obesity is an important determinant of inflammation and T cell-mediated immune impairment, and may be inducing an early immunosenescence.
Other reports have found significantly lower lymphocyte proliferation in response to PHA or anti-CD3/CD28 stimulation in healthy weight elderly compared to young subjects [4, 5, 16] while we found no differences, with the exception of PHA stimulation in autologous serum. This suggests that obesity may be impairing the immune system of young individuals in a manner similar to immunosenescence, perhaps because of extended periods of obesity-induced chronic inflammation and alterations in hormonal profiles. The notion of obesity-induced immunosenescence has been previously shown in mice [17] . It is noteworthy that the proliferative responses reported in young subjects with a healthy weight are much higher [4] than those shown in young subjects with obesity in our study. Further, it is interesting to note that, while there was no difference in lymphocyte proliferation between young and older adults with obesity when cultured in FBS, culturing lymphocytes in autologous serum resulted in re-appearance of an age difference in proliferative response (Figure 1) . These observations suggest that, in addition to inducing defects in T cells, obesity may induce additional changes in serum of the old, exacerbating those related to aging.
Serum pro-inflammatory cytokines are higher in subjects with obesity compared to subjects with healthy weight, but T cell response and cytokine production after stimulation are usually impaired [21] . While serum IL-1β levels were higher in OG compared to YG, we found no difference in serum CRP and IL-6 between the two groups. This is contrary to previous reports of higher IL-6 and CRP levels in elderly compared to young healthy weight subjects [14] . Adiponectin was significantly higher in the OG, and this adipokine is known to have an anti-inflammatory effect [22, 23] that could be contributing to the observed attenuated differences in chronic inflammation between the young and older obese groups. In summary, these results suggest that T cell-mediated response may be impaired by obesity in young individuals to a larger degree than in older individuals so that the age-related differences are abrogated. In other words, while obesity induces premature aging of T cell-mediated response in young individuals, it may not further impair the already weakened T cell-mediated response of the aged. On the other hand, age-related inflammation may be further exacerbated by obesity. CD8+ T cells and NKT cells are cytotoxic cells in adaptive and innate immune system, respectively. In this study, older subjects with obesity had lower numbers of these cell populations than young subjects with obesity. Given that Nieman et al. found no difference in CD8+ or NKT cell cytotoxic activity or numbers between individuals with healthy and obese weight [9] , the difference we found is likely due to the impact of aging alone rather than obesity. Indeed, previous studies have reported that function of cytotoxic T cells decline with aging, which may contribute to the impaired defense against infection in the elderly [12] [13] [14] [15] .
A limitation of our study is that it did not include a group of young and older subjects with a healthy weight, which otherwise would have allowed us to have a better differentiation between age and obesity-induced changes in immune and inflammatory responses. We therefore present our results in the context of several previous studies that have separately addressed the effects of age and obesity on immunity. The observation that proliferative response in young subjects with obesity in our study is much lower than those generally reported in other studies and closer to those reported for older adults [4] supports our suggestion that obesity "ages" T cells. It has been demonstrated that estrogen deprivation may modulate cytokine production and immune response [24] . Given that postmenopausal women were included in this study, and that obesity is also associated with altered sex hormone signaling [25] , hormonal changes as well as other mechanisms influenced by obesity and aging may have modified the outcomes presented in this manuscript.
It is widely recognized that the elderly have higher inflammation and lower T cell-mediated response compared to younger adults. It is unlikely that the lack of age-related differences between young and older adults with obesity observed in this study is due to the sample size, as previous studies have shown differences in similar parameters using comparable (20 subjects per group in the study by Douziech et al.) or even smaller (six subjects per group in the study by Meydani et al.) sample sizes and similar methodology [4, 5] .
In the current study, the YG had a significantly higher BMI and WC than the OG. However, there was no difference in circulating leptin. Given the increase in fat mass in aging, it is likely that the two groups had comparable fat mass. Future studies should include a comparison of body composition between groups and its relation to observed changes in immune response. Future studies should also include in vivo measures of the immune response to better understand the clinical significance of interaction between obesity and aging.
Conclusions
In summary, this study shows for the first time that patterns in inflammation and T-cell mediated immunity are similar between young and older women with obesity, and that young women with obesity have immune function parameters that bear many similarities to those previously linked to aging. These results raise important questions on the relative effects of obesity and chronological age on immune response. Future interventions should address whether immune function in persons with obesity is modifiable, e.g., through sustained weight loss [18] , and the underlying mechanisms involved in the observed impairments linked to the obese state. 
